Titanium sheets were irradiated by free electron laser radiation in cw mode in pure nitrogen. Due to the interaction, nitrogen diffusion occurs and titanium nitride was synthesized in the tracks. Overlapping tracks have been utilized to create coatings in order to improve the tribological properties of the sheets. Caused by the local heating and the spatial dimension of the melt pool, convection effects were observed and related to the track properties. Stress, hardness, and nitrogen content were investigated with x-ray diffraction, nanoindention, and resonant nuclear reaction analysis. The measured results were correlated with the scan parameters, especially to the lateral track shift. Cross section micrographs were prepared and investigated by means of scanning electron microscopy. They show the solidification behavior, phase formation, and the nitrogen distribution. The experiments give an insight into the possibilities of materials processing using such a unique heat source.
I. INTRODUCTION
Nitriding of metals such as Fe, Al, and Ti is a well known possibility to improve the material properties such as microhardness and wear resistance of strained technical surfaces. 1 Established methods for such surface treatments are plasma or gas nitriding known as physical vapor deposition ͑PVD͒, 2 the classical chemical vapor deposition, and salt bath nitriding. Alternatively, it is possible to modify the metallic surface with laser radiation and to synthesize hard coatings directly 3 in a reactive ambient. Previous investigations have shown the successful synthesis of titanium nitride ͑TiN͒ coatings with laser irradiation at different wavelengths [4] [5] [6] [7] [8] also using a free electron laser ͑FEL͒. [9] [10] [11] The following investigation shows the possibilities of nitriding by means of cw-mode FEL irradiation. This method offers many advantages in relation to the mentioned techniques. There is a reduction in the processing time and an effective surface treatment due to the high power micropulses at high repetition rates. Contrarily, intrinsic stress, microstrain, and inhomogeneity remain the main problems. Also the lattice orientation of the cubic titanium nitride is a decisive factor for the technical quality of coatings produced by using overlapping tracks. Texture influences strain development and eventually crack formation and propagation, which leads to a strong decrease in quality. First investigations on texture and strain development in relation to the process parameters have been reported in the literature. [12] [13] [14] This work resolves the coating properties of TiN synthesized in nitrogen ambient with overlapping tracks at different lateral shifts ␦. Using different kinds of characterization methods such as scanning electron microscopy ͑SEM͒, nanoindention, resonant nuclear reaction analysis ͑RNRA͒, and x-ray diffraction ͑XRD͒ offers an insight into the physics of the treatments, the basic processes, and the possibilities for optimization. The FEL will be valuated for his suitability to be a tool for materials treatment.
II. EXPERIMENTS

A. Sample treatment
Titanium sheets ͑uncoated, 1 mm thickness, purity Ͼ99.98%͒ were cut into pieces of 15ϫ 15 mm 2 size. For the FEL treatments, the samples were placed in a modified chamber, first evacuated to 10 −6 atm and then filled with nitrogen ͑purity 99.999%͒ to a pressure of 0.115 MPa.
The focused beam reached the sample surface through a fused silica window. In order to treat the whole surface of the samples and to synthesize coatings, the chamber was mounted onto a computer-controlled x-y table. A relative velocity v =24 mm/ s in the x-direction was used. shows the processing scheme. The experiments have been performed at the FEL-user facility at cw mode. This mode operates with continuous micropulse trains of subpicosecond pulses ͑ mic = 200-400 fs͒ at a frequency f ͑mic͒ of 4.68 MHz. 15, 16 By means of specific optics the raw beam of about 6 cm in diameter was redirected to the lens and focused to the used spot size D B . Additionally a cam was installed for monitoring the treatments in the safety area. Table I summarizes the used parameters.
B. Analysis
The synthesized TiN coatings have been investigated with several methods. Micrographs have been realized by means of SEM, which was performed with a LEO Supra 35 Gemini, whereas all cross section images were recorded with a quadral backscattering detector.
In order to get information about the mechanical properties the microhardness was measured with a nanoindenter ͑Fischerscope HV100͒. 3 It operates with a Vickers diamond tip and a maximum force of 1 N. Because of the surface roughness and their strong influence on the method, the measurements were done at the cross sections. One of the most interesting results after the treatments is the distribution of N atoms. Nitrogen depth profiling was carried out by means of the resonant nuclear reaction analysis 17 employing the reaction 15 N͑p , ␣␥͒ 12 C. The measurements were performed at the Göttingen IONAS ͑Ref. 18͒ accelerator. Details are given in Ref. 3 . The nitrogen depth profiles were analyzed assuming diffusion profiles in first approximation.
The microstructure of the layers was analyzed by XRD in grazing incidence ͑GIXRD͒ and Bragg-Brentano ͑⌰-2⌰͒ geometry, using a Bruker AXS diffractometer equipped with a Cu K␣ tube and a thin film attachment. GIXRD yielded the nitrogen content at the information depth and using the sin 2 ⌿ method, 19 it gives quantified data about the intrinsic stress. ⌰-2⌰ scans allow to perform peak analysis and to determine the grain size and the microstrain with methods like Williamson-Hall plot ͑WHP͒ or Warren-Averbach ͑WA͒ analysis.
20,21
III. RESULTS
A. Surface
After irradiation, the titanium sheets are gold-colored and inhomogeneous tracks developed along the scan axis. During the synthesis a strong reaction of the nitrogen with the liquid titanium was observed. The titanium nitride formed almost exclusively within the molten range, which refers to a strong difference in the diffusion coefficients D Ti of the N atoms into the different conditions of aggregation of the titanium. In the literature, [22] [23] [24] values of D Ti vary between the liquid and solid phases around nearly four orders of magnitude. The top view on the solidified tracks is represented in Fig. 2 . They exhibit a higher roughness compared to the untreated titanium samples and depend on the scan velocity, respectively, laser-material interaction time. The reduction in the surface quality is a result of strong convectional flow in the melt pool during the synthesis, caused by the high Prandtl number ͑0.11͒ of liquid titanium, 25 which makes it sensitive for capillary flow. Due to high temperature gradients and strong evaporation, Marangoni convection and also the recoil pressure force lead to a strong melt flow and have to be optimized in relation to technical surfaces.
"Humps" and melt injection from the tracks were not observed; however, a periodic structure has been developed, which is a result of the melt flow behavior and the acting surface forces ͑surface tension͒. Short-wavelength periodical structures could be observed too. Due to induced shock waves, oscillations on the melt occur. They are also known as Rayleigh-Taylor instabilities. The solidified surfaces are free of cracks which is essential for wear resistance. Due to the moderate heat entry caused by the scan velocity and the temporal beam structure ͑pulse trains͒, thermal stress keeps small.
B. Nanoindention
In order to quantify the changes in the mechanical characteristics of the system, the microhardness was measured at several points. Since the surface finish of the nitrified samples is rather bad ͑roughness͒ and thus the measurements are strongly affected, nanoindention has been performed in the transverse cross section. In addition the samples were polished and adjusted at the measuring system. Figure 3 shows measured hardness profiles at the dendritic solidified TiN, at the interspaces, and at the substrate. It is shown that one must regard different ranges of the sample. TiN dendrites close to the surface contain stoichiometric TiN and their hardness amounts to over 7 GPa. In relation to the improvement of mechanical properties, the hardness has been increased around a factor of 5 compared to the substrate. Between the dendrites, domains with lower nitrogen content exist, which consist of understoichiometric TiN x and nitrogen in solution in ␣-Ti ͑solubility N-Ti of 23 at. %͒. 26 Here, a hardness of approximately 4 GPa was measured. In order to get information about the hardness depth profile, a line scan was accomplished along the surface toward the substrate shown in Fig. 4 .
The shape of the curve resembles a diffusion profile. Close to the surface the hardness ͑about 7 GPa͒ is very high and drops down in the areas with less nitrogen ͑melt pool ground-4 GPa͒. At least the hardness reaches the value of the pure ␣-titanium ͑approximately 1.5 GPa͒. The region of influence of the nitrogen corresponds to a depth of approximately 250 m, which is close to the melting depth. Due to the diffusionlike profile there is no exact demarcation between the coating and the substrate. This makes it difficult to indicate an accurate coating thickness. It is most meaningful to define the coating thickness only at the range where cubic TiN is present and where significantly changes in the mechanical characteristics are obtained. A depth of approximately 150 m was measured. Such a coating thickness is enormous compared with other manufacturing processes ͑PVD-some microns͒. 27 However, these values come together with disadvantages such as inhomogeneities and roughness.
C. Nitrogen depth profiling
A SEM cross section is shown in Fig. 5 in the transverse direction. The micrograph was taken with a backscattering detector so that black areas in the track correspond to nitrogen-rich phases. Besides a further problem becomes recognizably, the inhomogeneity. It becomes clear that the incorporation of the N atoms into the Ti-matrix runs unordered. The reason for that behavior is the strong competition between convective and diffuse material transport. Next a nitrogen-poor range within the lower region of the melt pool is observable. There are understoichiometric phases and also nitrogen in solution in titanium due to the high solubility of 23 at. %. Below the nitrogen interaction zone the heat affected zone could be observed to a depth of approximately 300 m ͑according Fig. 4͒ .
In order to quantify the nitrogen content, RNRA was performed at three samples with different lateral shifts ␦ of 0.4, 0.6, and 0.8 mm. The proton beam diameter during the measurements was 3 mm, whereby information about the average nitrogen distribution becomes available. Figure 6 shows the N content of the samples in the range near the surface ͑Ͻ600 nm͒. It becomes clear that for the two samples with ␦ smaller than the focus diameter D ͑␦ Ͻ D͒, a closed stoichiometric titanium nitride coating could be observed. With the 0.8 mm sample the loss of the concentration results from the unmelted ranges between the individual tracks. The nitrogen content is lower close to the surface and increases during the first 100 nm to its maximum value. In order to receive a more exact insight in the process it is necessary to quantify the transport of the nitrogen. A mathematical description of these depth profiles can be given using the complementary error function ͑solutions of the diffusion equation͒ by a superposition of two profiles. 28 The solution, as shown in Eq. ͑1͒, contains two diffusion lengths, a long range one ͑index l͒ and one in the 
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Höche et al. J. Appl. Phys. 105, 083503 ͑2009͒ short range ͑index s͒. As next it is assumed that there are three concentrations c 0 , c l , and c s , which limit the respective ranges. The diffusion profile at the long range mainly describes macroscopic nitrogen diffusion as well as the coating thickness and it determines the macroscopic characteristics.
Further it contains information about the convectional nitrogen transport induced by Marangoni forces. In contrast to it, short range diffusion describes the effects near the surface and it contains information about the absorption of nitrogen and its incorporation and about oxidation and contamination effects too.
͑1͒
The parameter describing the kinetics of the process is the diffusion lengths L l,s which determine the characteristics of the coatings. By using the well known relation of the diffusion processes L l,s = ͱ 4D Ti t l,s it is possible to obtain information about the diffusion times t l,s . Table II summarizes  the analysis results. Unfortunately, the information depth of the method is limited to approximately 500 nm due to the proton energy; thus only qualitative statements about the long range diffusion can be made. As shown in Fig. 6 the diffusion length exceeds these 500 nm, which correlates with the other observations. By means of an assumption of an average nitrogen diffusion coefficient D Ti in the titanium melt pool of approximately 2 ϫ 10 −4 cm 2 / s according to previous works, 29 it is possible to determine diffusion times t l , s. In the case of long range diffusion times of some hundred microseconds have been measured. This conforms to the melt duration during the scan. Since the profiles do not provide any information from deeper ranges, it is impossible to give more accurate statements. The investigations of the profiles close to the surface show a nitrogen rise at a diffusion length of approximately 40 nm. They are contaminations and their effects are not subject of these studies.
D. XRD
Intrinsic stress and phase analysis. GIXRD offers many possibilities of analysis. Using 5°grazing incidence and measuring 2⌰ over a range of 30°-100°, the three samples have been analyzed. Figure 7 shows the measured diffraction pattern of an example.
All measurements exclusively show ␦-TiN, whereby all appropriate reflexes are indicated in Fig. 7 . The other reflexes correspond exclusively to the substrate material of the hexagonal ␣-titanium. By means of GI measurements one can determine the ratio of the phases to each other with Vegard's law. The areas below the reflexes correlate linearly with the chemical composition of the coating within the range of the information depth of the measurement. This amounts to approximately 2 m in the present case. For the two samples with lateral shifts ␦ of 0.4 and 0.6 mm the portion of TiN exceeds 95% within these 2 m. In regard to the sample with a ␦ of 0.8 mm it is an important fact that the lateral shift was bigger than the focus diameter. In this case one receives a portion of approximately 60% TiN. Moreover, the GI measurements offer the possibility to measure intrinsic stress. By means of the sin 2 ⌿ procedure the stress in the coatings has been determined and compared. As represented in Table III , the stress in the system corresponds to approximately 3% of the elastic modulus. The determination of absolute values of is very difficult. The Poisson ratio ͑Ϸ0.25͒ and the elastic modulus are strongly coupled to the nitrogen content and varying in the literature. The influence of the stress becomes strong as one sees at the curvature of the treated sheets.
Lattice properties: strain, grain size, and texture. In order to determine the grain characteristics it is necessary to measure the diffraction pattern in Bragg-Brentano geometry. This enables the possibility to receive information about grain sizes D and the lattice strain in the TiN coatings. Moreover, the lattice orientation could be observed. A texture parameter t was defined, which indicates the ratio of the maximum intensities of the ͑111͒ to ͑200͒ reflex ͓ t = I͑111͒ / I͑200͔͒. t decreases with a rising intensity of the ͑200͒ reflex, which leads to the following physical sense: if t = 0 one has a perfect ͑200͒ texture of the lattice, but for t = 0.72 it is an ideal polycrystal. In Fig. 8 the ⌰-2⌰-diffraction pattern and orientations are shown.
With an increase in energy entry ͑smaller ␦͒ the titanium nitride lattice is solidified stronger in the ͑200͒ direction. For sample 1 with the strongest texture, additionally a pole figure was measured and shown in Fig. 9 . It verifies the ͑200͒ alignment of the atomic planes and the development of a fiber texture.
The grain size was determined with the well known methods WHP and WA. The results are represented in Fig.  10 . A rising energy entry leads to an increase in the grain size and in contrast, the lattice strain decreases. This behavior is based on the time for phase formation and the nitrogen content. In the case of sample 1, the conditions of formation are most favorable.
The different absolute values between the two procedures WHP and WA result from the theoretical ansatz of the methods. While the WHP indicates the maximum values, the WA analysis determines the weighted means. 30, 31 Detailed information are available in the literature. 20, 21 Figure 11 confirms the texture development. Dendritic solidified TiN at the track edges shows a weak alignment perpendicular to the surface. This corresponds to the redirected lattice planes. This solidification behavior seems to be independent of convectional induced surface deformation and determines the macroscopic properties of the sheets. Additionally, a martensitic transformation ͑hcp-␣Ј titanium͒ in the heat affected zone below the dendrites was observed. It results from the rapid cooling in the melt due to high temperature gradients.
IV. CONCLUSIONS
The experiments show the possibilities of direct laser synthesis of functional coatings in a reactive ambient using a high power FEL at cw mode. Coating thicknesses of about 100 m with varying nitrogen contents and dendritic growth morphologies were observed. They were limited by the melting depth. The surface characteristics are governed by track overlapping, convectional flow, and oscillations. A hardness of about 8 GPa was measured for stoichiometric TiN. This result corresponds to an increase in wear resistance and an improved friction behavior. Cross section micrographs and investigation of nitrogen distributions show the formation of understoichiometric TiN x phases and soluted N atoms in pure titanium. XRD reveals an intrinsic stress of 4% of elastic modulus and shows the development of a ͑200͒ fiber texture for increasing heat entry. Lattice strain ͑0.5%͒ and grain sizes of about 100 nm have been developed during the treatments. These results give an insight into the possibilities of materials processing using such a unique heat source and in the modifications of materials under extreme conditions. Due to the pulse trains the nitriding conditions above the surface are stable, which leads to effective dissociation and optimal absorption. The thickness of the nitrided region is similar to CO 2 laser nitrided titanium 32 and much higher in comparison to Nd:YAG experiments. 33, 34 In relation to technical surfaces, the process still needs optimization and further investigations. 
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